
79 

Thermodynamics of Mul t i -S tep  Water 
Decomposition Processes 

r' James E.  Funk 

t 
\ 

i 

College of Engineering 
University of Kentucky 

Lexington, Kentucky 40506 

Processes which convert  water i n t o  hydrogen and oxygen are of i n t e r e s t  
f o r  many reasons, including the  many advantages accruing t o  the  t r a n s -  
po r t  of energy a s  hydrogen. Hydrogen may be used a s  a source of ther- 
m a l  o r  e l e c t r i c a l  energy, depending on whether it is  burned or used i n  
an electrochemical device such as a f u e l  cell .  

Hydrogen is  a l so  a key raw material i n  the  chemical process indus t r ies  
and i n  petroleum ref ining.  I t  i s  estimated t h a t  by 1975 the  t o t a l  
consumption of hydrogen i n  the U . S .  w i l l  be a t  the  r a t e  of four  tril- 
l i on  cubic f e e t  per year and growing. Gaseous and l i qu id  hydrocarbons 
are now the  pr inc ipa l  r a w  mater ia ls  f o r  producing large quan t i t i e s  of 
hydrogen by means of e i t h e r  c a t a l y t i c  steam reforming or p a r t i a l  oxi- 
dation. 
a r t i f i c i a l  na tura l  gas,  w i l l  increase the  demand for hydrogen even 
more. I t  would c l ea r ly  be i n  the  i n t e r e s t  of conservation of na tura l  
resources t o  develop an economical process t o  produce hydrogen from 
w a t e r .  

A comprehensive study of thermal processes t o  produce hydrogen from 
water was performed and reported by General Motors ( 1 , 2 ) .  A th ree  
s t ep  process involving e i t h e r  tantalum chlor ide o r  bismuth chlor ide 
and a four s t e p  process using e i t h e r  mercury chlor ide or vanadium 
chlor ide w e r e  described. A general  discussion of energy requirements 
f o r  the  decomposition of water was published by Funk and Reinstrom ( 3 )  
and, more recent ly ,  a four  s t e p  thermal process w a s  described by 
deBeni and Marchetti ( 4 ) .  A review of the  cur ren t  s t a t u s  of e lectro-  
l y t i c  hydrogen as a f u e l  has been published by Gregory, e t . a l .  ( 5 ) .  

The pressure f o r  inexpensive and p l e n t i f u l  pipel ine gas ,  
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Second Law Limitations 

I f  one gram mole of water of l iqu id  water a t  25OC and 1 atm i s  conver- 
ted i n t o  one gram mole of hydrogen and one half  gram mole of oxygen a t  

' 25OC and 1 atm the  gibbs function f o r  t he  system increases  by 56.7 
kca l ,  the  enthalpy increases by 68.3 kcal  and the entropy increases  by 

1 39 cal/OK. I f  the  decomposition i s  done revers ib ly  a t  25OC and1  atm-- 
4 say i n  an e l ec t ro lys i s  cell--56.7 kca l ,  t he  change i n  the  gibbs func- 

t i on ,  must be supplied as usefu l  work and 11.6 kcal,  the d i f fe rence  
1 between the enthalpy change and gibbs funct ion change, must be sup- 

p l ied  as heat.  

The amount of useful work required may be decreased by operat ing the 
s ing le  s t ep  decomposition a t  some higher temperature. The amount of 
energy required as heat  w i l l  increase by the  same amount t h a t  the work 
required is decreased under t h e  bes t  case assumptions of equal speci- 
f i c  heats  and per fec t  thermal regeneration of products and reac tan ts .  

\\ 

t 
If the process is  depicted on a temperature entropy diagram, the  work 
reduction i s  equal t o  the  area enclosed when the process loop is  
closed by allowing the  cooler hydrogen and oxygen to form water \, 
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revers ib ly ,  say i n  a f u e l  cel l .  From t h i s  viewpoint the  process i s  a 
hea t  engine and i s ,  therefore ,  l imi ted  i n  e f f ic iency  t o  the  "Carnot" 
e f f ic iency .  This second law l imi t a t ion  has been discussed i n  more 
d e t a i l  elsewhere ( 1 , 2 , 3 ) .  

It i s  des i reable ,  of course, t o  reduce the  amount of usefu l  work re- 
quired t o  decompose water s ince  such work must be produced from hea t  
i n  an engine of some sort. A f igu re  of m e r i t ,  q,may be defined such 
t h a t  

q =  bH, 
Qt 

(1) 

where AHo = 68.3 kcal  

. Qt = t o t a l  amount of hea t  required by process which accepts 1 
gram mole of l iqu id  water a t  25OC and 1 atm and de l ive r s  1 
gram mole of hydrogen and 1 / 2  gram mole of oxygen a t  25OC 
and 1 atm. 

Limitations on 17 r e su l t i ng  from the  f i r s t  and second lawsof thermody- 
namics have already been derived and discussed ( 3 ) .  

The quant i ty  Qt comprises two t e r m s ,  

Q t =  ( + ) + Q  
where W = energy a s  usefu l  work required 

5 = ef f ic iency  of converting hea t  t o  work 
Q = thermal energy required 

A 1 0 0 %  e f f i c i e n t  e l ec t ro lyze r  operating with a power p l an t  w i t h  a 5 of 
30% would y i e l d  a value f o r  17 of 34%. I f  the  e lec t ro lyzer  had a vol- 
tage -eff ic iency of 60% q would drop t o  2 2 % .  

Multi-Step Processes 

I f  one supposes t h a t  w a t e r  is  t o  be decomposed by heating it and sepa- 
r a t ing  the  components (i.e.,a s ing le  s t e p  process) the r a t e  of reduc- 
t i o n  of the change i n  gibbs funct ion with temperature i s  approximately 
equal t o  the reac t ion  entropy change. As w i l l  be shown la te r ,  the  
theo re t i ca l  work of separa t ion  is  equal t o  o r  g rea t e r  than the  change 
i n  the gibbs function. 

For a s ingle  s t e p  process the  work requirement simply does not  decrease 
f a s t  enough as the  temperature is  increased because the  entropy change 
f o r  t he  reac t ion  i s  more o r  less constant  and not large.  
s t e p  process the  reac t ion  entropy change i s  not f ixed  and may vary 
according to the reac t ion .  

In  a multi- 

Consider t h e  i t h  reac t ion  i n  a multi-step process. The work and heat  
requirements a r e  

w ( i )  = w o ( i )  - A s ( i )  [ T ( i )  - To] ( 3 )  

q ( i )  = q o ( i )  + A s ( i )  [ T ( i )  - To] ( 4 )  

I t  h a s  been assumed t h a t  A s ( i ) ,  t he  reac t ion  entropy change, i s  inde- 
pendent of temperature. The subscr ip t  zero r e f e r s  t o  conditions a t t h e  
reference temperature, To, (assumed to be 25OC). 
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The total work and heat requirements 
(4) over the I reactions to obtain 

I 

1 

J 

’\ 

i=I , 
P 

w = AG, - L  AS(^) 
i=l 

are obtained’by summing (3) and 

[T(i) - To] ( 5 )  

Another important feature becomes apparent if the process is divided 
into J reactions which have positive entropy changes and L reactions 
which have negative entropy changes. To minimize the required work, 
the first group of reactions should be operated at some high tempera- 
ture, TH, and the second group operated at To. In this case, 

j=1 
As is evident from Eqn. (-71, the required 

- To] 

work is zero when 

There is no reason why (8 )  cannot be satisfied along with 

( 7 )  

i=I i=J l=L 

This result cannot be obtained for a single step process, in which 
case the zero work requirement must be accomplished by a temperature 
manipulation rather than the selection of a suitable sequence of 
reactions. 

Work of Separation 

The theoretical work of separation, AGs, required to separate a mix- 
ture of ideal gases into its components is given by 

AGs = - R T . ~  nk In Xk (10) , 

is the number of moles of the kth component and xk is the 
where mole fr % ction of that camponent. 
Fig. 1 shows a reaction process which accomplishes the reaction 
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The amount of material en ter ing  t h e  separa tor  depends on E, the  f rac-  
t i o n a l  molar conversion of R1, which i n  tu rn  depends on the  standard 
f r e e  energy change f o r  t h e  reaction, AGR. 
the  standard f r e e  energy change f o r  a reac t ing  mixture of i dea l  gases 
with Eqn. (10) y i e lds  

Combining t h e  de f in i t i on  of 

A G ~  = A G ~ -  R T [ ~  l-1 I n  s1 + r2 In  s2 + --- - ( C p - C r )  In  p*] (12) 

where 

and p* i s  the operating pressure 

4x1 .  (12) shows t h a t  t h e  t h e o r e t i c a l  work of separat ion is grea te r  
than standard f r e e  energy change f o r  t h e  react ion.  I 

An example of the  t h e o r e t i c a l  work of separat ion f o r  the  vanadium 
chlor ide process i s  shown i n  Figs. 2 and 3. Fig. 2 is a schematic of 
the  first s tage  i n  which the re  is a gas phase reac t ion  of chlor ine 
with w a t e r  a t  1000°K a t  1 atm. Pig. 3 shows the  theo re t i ca l  work  of 
separat ion and it may be  noted t h a t  t he  separat ion work i s  increased 
i f  the mixture leaves the reac t ion  chamber a t  less than equilibrium 
conditions.  Fig. 3 is f o r  t he  separat ion of a l l  four  components and 
the  minimum work requirement is 9.2 kca l  per gram mole of hydrogen 
produced. A similar ca l cu la t ion  f o r  t h e  separat ion of only t h e  HC1 
and O2 y i e lds  a work requirement of 7.1 kcal. 

1 

i 
The Vanadium Chloride Process 

I 

This process w a s  s tudied i n  considerable d e t a i l .  A p l an t  layout was / 

r 

The e n t i r e  vanadium chlor ide  process i s  shown i n  Fig. 4. The sums of 
the enthalpy, entropy, and f r e e  energy changes &o not  exact ly  equal 
those f o r  w a t e r  composition because of questionable thermochemical-data. 

made assuming a helium cooled nuclear r eac to r  a s  t he  hea t  source. 
Estimates w e r e  made f o r  pumping, hea t  regeneration, etc. The r e s u l t s  
are shown i n  Table 1 and, as can be seen, t h i s  process i s  not as 
e f f i c i e n t  as a w a t e r  e l e c t r o l y s i s  plant .  

The objec t  here i s  not to descr ibe an i n e f f i c i e n t  process - any number 
of such processes can be e a s i l y  devised. It is, rather, an attempt t o  

quickly lose  t h e i r  appeal when subjected t o  sanewhat more p rac t i ca l  
considerations of work of separat ion,  thermal regeneration, pumping 
F e r ,  etc. Such a r e s u l t  is not espec ia l ly  surpr i s ing  i n  v i e w  of t he  
oblect ive,  which, i n  i t s  most fundamental t e r m s ,  is an attempt t o  con- 
v e r t  hea t  t o  useful  work more e f f i c i e n t l y  than i n  a state of t h e  art  
power plant .  
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Table 1 
Vanadium Chloride Process D a t a  Tabulation 
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(all components separated) 
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Extent of reaction -e 

F i g .  3 T h e o r e t i c a l  Work of Separation ” 
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112 Q&l) 
0 

0 Stage I 

(g]+Cl,(g) -2HCl(g) + 1/2 O,(g) at  1340OF + 
I - 77OF 

0 Stage III 

4VCt3(s)+2VCl4 (9)  + OVCC ( 8 )  at 1340OF 

Stage Ip: 
@ 

c3 
2VCI4 (I) e ~VCJ, (E) tC12 (s) at 77OF 

Enthalpy, entropy, and free energy tabulation 
(values in kilocalories) 

. .  

Fig. 4 Vanadi- Chloride Process 

9 

O r  
-26.71 73.4 
-46.0 48.3' 
539 59.9 


